SUMMARY
Introduction
The raison d'être of the neuronal populations within the nervous system is to establish contact with their targets during development and refine it throughout their entire life span. To achieve the scope of forming and retaining the functional nervous system architecture, neuronal differentiation and death are ruthlessly regulated in development and strictly kept under control in post-mitotic systems. A true utilitarian principle governs therefore the harmonic development and survival of the nervous system. Derangements in neural networks would affect neuronal populations at large. Therefore individual neurons that fail to retain most of their synaptic connections have no reason to further exist and die. This is accomplished by the activation of several signalling pathways, which activate proteolysis and promote cell recognition by macrophage or other scavenging cells.
Caspases and cell death
The apoptotic death program seems to converge mainly on one class of proteases, the caspases (cysteine aspartases), which can execute death signals in virtually every cell (see Earnshaw et al., 1999; Nicholson, 1999 for reviews). Many caspase substrates are responsible for the appearance of the characteristic apoptotic features (i.e., DNA laddering, nuclear envelope breakdown, cell shrinkage and exposure of phosphatidylserines). However, inhibition of the effector caspases while preventing the appearance of the apoptotic morphology, does not always preclude the occurrence of cell death that may be triggered by other programmes or alternative subroutines (Nicotera et al., 1999; Volbracht et al., 2001 ).
Caspases do not generally execute death forms other than apoptosis.
Nevertheless, caspase inhibition reduces the overall rate of cell death in ischemic stroke models (Hara et al., 1997a; Hara et al., 1997b; Robertson et al., 2000) , where the necrotic morphology is predominant (Linnik et al., 1993; Choi, 1996) . Clearly, caspase inhibition can stave off the breakdown of the cell membrane, which occurs if dying cells are not scavenged prior to membrane dissolution. Cells can indeed lyse after many of the typical apoptotic features have been acquired (Künst le et al., 1997) .
Different killing subroutines: The "calcium death"
The idea that Ca 2+ may be cytotoxic dates back to Fleckenstein's suggestion in 1968 that excessive entry of Ca 2+ into myocytes would be the underlying mechanism of cardiac pathology following ischemia. Subsequent studies showed that agonist stimulation (Leonard and Salpeter, 1979) or cytotoxic xenobiotics could cause lethal Ca 2+ entry into cells (Schanne et al., 1979) . From the early 80s on, the role of Ca 2+ in cell death was examined intensively, especially in isolated hepatocytes, in the kidney and in the brain (Siesjö, 1981 , Siesjö and Bengtsson, 1989 , Nicotera et al., 1986 1992; Trump and Berezesky, 1995 (Nicotera and Orrenius, 1994) , change the balance of neuronal death from apoptosis to necrosis by depleting energy stores , or potentiate other subroutines of the death programme (Wang et al., 1999 (Saido et al., 1994, Wang and Yuen, 1997) . They have been implicated in toxic cell death in the liver (Nicotera et al., 1986) , and in excitotoxic neuronal death in the brain (Siman and Noszek, 1988) .
Calcium-dependent DNAses can be responsible for DNA-degradation (Hewish and Burgoyne, 1973) , although the nature of the Ca In addition, PLA 2 activation generates lysophosphatids that alter the membrane structure. This may facilitate Ca 2+ influx and Ca 2+ release from internal stores (Traystman et al., 1991) . In neurons, there is a close correlation between Ca
2+
-influx through NMDA-Rs and PLA 2 -activation (Dumuis et al., 1988) . The release of arachidonic acid following activation of PLA 2 inhibits glutamate uptake into neurons and glial cells and may therefore prolong the excitotoxic action of this amino acid on its receptors (Volterra et al., 1992) .
Calcium and excitotoxicity
Excitotoxicity is a phenomenom typically encountered in neurons or myocytes, following a stimulation that exceeds the physiologic range with respect to duration or intensity. Typical excitotoxic stimulators are capsaicin, acetylcholine or, -most important in the central nervous system -, glutamate. A large variety of chronic neurodegenerative diseases seem to have an excitotoxic component (Choi, 1992, Meldrum and Garthwaite, 1990) . Early observations showed that direct injection of glutamate was selectively neurotoxic in vivo (Olney, 1969) . The contribution to neurotoxicity of synaptic activity, i.e. the release of glutamate and stimulation of its receptors on postsynaptic membranes, was deduced from experiments showing that inhibition of neurotransmission by Mg 2+ or glutamate antagonists protected neurons from hypoxia (Rothman, 1983) . A causal contribution of excitotoxicity to neuronal damage was then established in stroke or head trauma (Bullock, 1995, Myseros and Bullock, 1995) . Generally, excitotoxicity is induced by conditions favoring glutamateaccumulation in the extracellular space. Typical conditions leading to increased extracellular glutamate concentration are depolarization of neurons, energy depletion due to hypoglycemia or hypoxia (Cheng and Mattson, 1991, Wieloch, 1985) , or defects in the glutamate reuptake systems (Volterra et al., 1992 , Rothstein et al., 1996 ] i in in vivo and in in vitro models of excitotoxic cell death. This has been observed in ischemic brain (Simon et al., 1984) or in brain slices exposed to NMDA-R agonists or anoxia (Garthwaite and Garthwaite, 1986 ] i after NMDA-R stimulation has been observed repeatedly using fluorescent probes (Murphy et al., 1987 , Tymianski et al., 1993b , Dubinsky and Rothman, 1991 .
(ii) Prevention of Ca
2+
-entry into the cell by removal of extracellular Ca 2+ (Garthwaite and Garthwaite, 1986 ) depletion of NMDA-Rs or by pharmacological inhibition of glutamate receptors or VDCCs (Choi, 1995, Lipton and Rosenberg, 1994) (Tymianski et al., 1993) .
Also, inhibition of effectors of Ca 2+ toxicity such as calmodulin, calcineurin (Dawson et al., 1993) , or bNOS (Dawson et al., 1993) The mode of cell death in excitotoxicity has been and still is largely debated.
Apoptosis and necrosis, in their classical definition, are two fundamentally different modes of cell death (Wyllie et al., 1980) . Whereas apoptosis is characterized by a preservation of membrane integrity until the cell is phagocytosed, this is not the case in necrosis/lysis of cells. The duration and extent of Ca
-influx may determine whether neurons survive, die by apoptosis, or undergo necrotic lysis (Bonfoco et al., 1995b; Choi, 1995 -influx may be neurotoxic . A continuous moderate increase in [Ca 2+ ] i as that produced by a sustained slow influx may cause apoptosis, whereas an exceedingly high influx would cause rapid cell lysis. E.g. stimulation of cortical neurons with high concentrations of NMDA results in necrosis, whereas exposure to low concentrations causes apoptosis (Bonfoco et al., 1995b) . Accordingly, neuronal death in experimental stroke models is necrotic in the ischemic core, but delayed and apoptotic in the less severely compromised penumbra or border regions (Li et al., 1995 , Pollard et al., 1994 , Beilharz et al., 1995 , Charriaut-Marlangue et al., 1996 .
The same applies to several other neuropathologic conditions where apoptosis and necrosis have been observed to occur simultaneously (Shimizu et al., 1996 , PorteraCailliau et al., 1995 . One sensor that switches neurons towards one or the other fate may be the ability of mitochondria to generate enough ATP .
A complete de-energization of the cell (e.g. failure of all mitochondria and of glycolysis) may not allow the ordered sequence of changes required for the apoptotic demise. In such a case random processes would result in rapid uncontrolled cell lysis/necrosis. Therefore it seems likely that apoptosis ensues under conditions of Ca 2+ overload or other stress, where there remains sufficient energy production (ATP) to execute the death programme. Accordingly, ATP levels are maintained in CGC undergoing apoptosis and the cytoplasmic ATP levels indeed decide between different shapes of cell death (Leist et al., 1997b) .
A subroutine of the apoptotic programme can cause secondary necrosis via calcium overload. Independent genes encode the four major PMCA isoforms currently known.
PMCA isoforms 1 and 4 are expressed ubiquitously in mammalian cells, whereas isoforms 2 and 3 are expressed in significant amounts only in the brain (Guerini et al., 1999) . Another Ca 2+ pump is located in the endo-/sarcoplasmic reticulum (SERCA). correlates with the degree of brain injury as assessed by brain swelling and to the apoptotic index, which reflects apoptotic DNA fragmentation. Subsequently, we exposed CGN to either low concentrations of glutamate or to the indirect excitotoxins, S-nitrosoglutathione (GSNO) or 1-methyl-4-phenylpyridinium (MPP + ), which stimulate synaptic glutamate release and excitotoxicity (Bonfoco et al., 1996; Leist et al., 1998) . Western blots of membrane fractions isolated from CGN undergoing apoptosis, showed that PMCA2 (133 kDa) was degraded to the same 123 kDa fragment found in the ischemic brain tissue. We then went to show that also the ubiquitous PMCA4 isoform is analogously cleaved in non-neuronal cells induced to apoptose by staurosporine. The cleavage of PMCAs is operated by caspases. The major effector caspase, caspase-3 cleaves PMCA4 and PMCA2, whereas PMCA2
can also be cleaved by caspase-1. Cleavage of PMCAs results in loss of function and aberrant intracellular Ca 2+ transients with Ca 2+ overload. Expression of mutants of human PMCA4 that lack the caspase cleavage site(s) prevents Ca 2+ overload during apoptosis and markedly delays secondary cell lysis/necrosis. These findings show that caspases can activate a subroutine of the death programme that causes secondary necrosis. They also suggest an explanation for the observation that caspase inhibitors prevent the appearance of secondary necrosis in stroke models, and rescue ischemic areas (Schwab et al., 2002) .
Since cell death is not necessarily linked to a single program or a morphological phenotype, events that confer irreversibility to its execution would seal a cell's fate. Along with nuclear and cytoskeletal damage, disruption of cell signalling and ion homeostasis could warrant irreversibility to the death sentence. Inactivation of Ca
-motive ATPases impairs the ability of cells to handle Ca 2+ and can lead to cell demise (Chami et al., 2001; Nicotera et al., 1986) . PMCA inhibition has been implicated in neuronal cell death elicited by amyloid-ß peptide . These include activation of signalling proteins (Wang et al., 1999) , transcriptional factors (Camandola et al., 2000) and other protease families (Leist et al., 1998; Nath et al., 1996) . Rising Ca 2+ levels as seen in cells where Ca 2+ extrusion is compromised, may then affect execution of apoptosis, in addition to promotion of secondary lysis.
In addition to PMCAs, the Na + /Ca 2+ transporter (NCX) drives Ca 2+ efflux, in excitable cells (Carafoli et al., 2001 Leist, M., Volbracht, C., Kühnle, S., Fava, E., Ferrando-May, E., and Nicotera, P. 
